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SUMMARY

Quiescence is a hallmark of adult neural stem cells (NSCs) in the mammalian brain, and establishment and maintenance of quiescence is
essential for life-long continuous neurogenesis. How NSCs in the dentate gyrus (DG) of the hippocampus acquire their quiescence during
early postnatal stages and continuously maintain quiescence in adulthood is poorly understood. Here, we show that Hopx-CreER?-medi-
ated conditional deletion of Nkcc1, which encodes a chloride importer, in mouse DG NSCs impairs both their quiescence acquisition at
early postnatal stages and quiescence maintenance in adulthood. Furthermore, PV-CreER™-mediated deletion of NkccI in PV interneu-
rons in the adult mouse brain leads to activation of quiescent DG NSCs, resulting in an expanded NSC pool. Consistently, pharmacolog-
ical inhibition of NKCC1 promotes NSC proliferation in both early postnatal and adult mouse DG. Together, our study reveals both cell-

autonomous and non-cell-autonomous roles of NKCC1 in regulating the acquisition and maintenance of NSC quiescence in the

mammalian hippocampus.

INTRODUCTION

Continuous neurogenesis occurs throughout life in the
subventricular zone (SVZ) of the lateral ventricles and den-
tate gyrus (DG) in the hippocampus of mammals (Gage,
2000; Ming and Song, 2011). In the adult DG, radial glia-
like cells (RGLs) are bona fide neural stem cells (NSCs)
and remain mostly quiescent (Berg et al., 2019; Bonaguidi
etal., 2011; Urban et al., 2019). A subset of RGLs undergoes
activation and differentiates into granule neurons, which
play important roles in learning, memory, and mood regu-
lation (Gage, 2000; Ming and Song, 2011). Recent histolog-
ical and transcriptomic studies of immature neurons in the
adult human DG support previous findings on the exis-
tence of adult hippocampal neurogenesis in humans and
further revealed its dysregulation in brain disorders (Eriks-
son et al., 1998; Moreno-Jimenez et al., 2019; Spalding
et al., 2013; Zhou et al., 2022).

Quiescence, a hallmark property of adult NSCs in both
DG and SVZ, is required to sustain life-long continuous
neurogenesis (Urban et al., 2019). For example, genetic
deletion of critical factors such as FOXOs and Mfge8, which
maintain adult RGLs in the quiescent state, leads to deple-
tion of the RGL pool and subsequently decreased neuro-
genesis in the adult mouse DG (Paik et al., 2009; Renault
etal., 2009; Zhou et al., 2018). Recent studies have revealed
the embryonic origins of adult NSCs in the SVZ and DG
and identified the transition from proliferation to quies-
cence as a major milestone (Berg et al., 2019; Fuentealba
et al., 2015; Furutachi et al., 2015). In the DG, the Hopx-
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CreER™ mouse line has been used as a tool to target dentate
NSCs across the lifespan starting from embryonic day 10.5
(E10.5) in the dentate neuroepithelium, which gives rise to
quiescent RGLs in the adult DG (Berg et al., 2019). The tran-
sition from proliferative to quiescent DG NSCs occurs dur-
ing early postnatal stages, especially from postnatal day 7
(P7) to P14 in mice (Berg et al., 2019). While a number of
studies have investigated molecular mechanisms that
maintain quiescence of RGLs in the adult DG (Urban
et al., 2019), almost nothing is known about how the
acquisition of quiescence by DG NSCs during early post-
natal stages is regulated. In addition, it is unknown
whether the same molecular pathways can regulate both
quiescence acquisition during early postnatal stages and
quiescence maintenance of NSCs in adulthood.

The neurotransmitter GABA has been identified as a crit-
ical factor regulating multiple steps of the adult hippocam-
pal neurogenesis process (Song et al., 2016). GABA released
from PV interneurons promotes RGL quiescence (Song
et al., 2012) and survival, dendritic development, and syn-
aptic integration of newborn neurons in the adult DG (Ge
etal., 2006; Jagasia et al., 2009; Kang et al., 2019; Kim et al.,
2012; Song et al., 2013). The action of GABA is determined
by two chloride transporters with opposite functions: Na*-
K*-2Cl1~ cotransporter NKCC1 increases the intracellular
chloride concentration, induces depolarization of mem-
brane potentials upon GABAergic activation, and is highly
expressed in immature neurons, whereas K*-Cl~ cotrans-
porter KCC2 extrudes chloride, induces hyperpolarization
upon GABAergic activation, and is highly expressed in
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mature neurons (Ben-Ari et al., 2012). While NKCC1 has
been shown to regulate the development of newborn neu-
rons during adult hippocampal neurogenesis (Ge et al.,
2006; Kim et al., 2012), whether NKCC1 or KCC2 regulates
RGL behavior is unknown. Notably, the depolarizing effect
of GABA on both RGLs and PV interneurons in the adult
DG suggests their expression of NKCC1 (Bao et al., 2017).
In this study, we took advantage of Hopx-CreER™%- and
PV-CreER™-mediated conditional knockout mice to specif-
ically delete Nkccl in dentate NSCs and PV interneurons,
respectively, and unraveled the differential cell-autono-
mous and non-cell-autonomous roles of NKCC1 in tuning
quiescence acquisition, maintenance, and exit of NSCs at
different developmental stages in the mouse DG.

RESULTS

Nkccl deletion in NSCs in the early postnatal DG
attenuates their quiescence acquisition

Analysis of our previous RNA-seq profiling of FACS-purified
DG NSCs from Hopx-GFP transgenic reporter mice (Berg
et al., 2019) showed that NkccI mRNA is expressed in DG
NSCs at E15, P3, and the adult stage at higher levels than
Kcc2 mRNA (Figure S1A). To investigate the role of NKCC1
in regulating NSC behaviors, we constructed an Nkcc1™¥
flox (Nkcc1™) mouse line by inserting two loxP sites flanking
the fifth exon (140 bp) of the Nkcc1/Slc12a2 gene through
CRISPR-Cas9-mediated homologous recombination. The
Nkcc1” mice were first crossed to Nestin-Cre transgenic
mice (Tronche et al., 1999) to generate the brain-specific
Nkccl conditional knockout mice (Nestin-Cre™~::Nkcc1”"
mice; named Nestin-cKO mice thereafter) to test knockout
efficacy. qPCR results showed reduced NkccI mRNA in the
cerebral cortex and hippocampus of Nestin-cKO mice at
P30 compared with that of the littermate Nkcc1”" mice
(Nestin-WT mice) (Figure S1B). By taking advantage of the
Nestin-cKO mice, we screened several commercial NKCC1
antibodies and identified one with immunostaining speci-
ficity, as its immunostaining signal was largely absent in
the hippocampus of Nestin-cKO mice at P60 (Figures S1C
and S1D). Surprisingly, most of the NKCC1 signal in the
adult mouse hippocampus exhibited a filament-like appear-
ance and was co-localized with CNPase™ oligodendrocyte
processes, suggesting high levels of NKCC1 expression in
oligodendrocytes (Figure S1C). We also found the NKCC1
signal in HOPX*NESTIN* RGLs in the DG of young adult
Nestin-WT mice, which was largely absent in Nestin-cKO
mice (Figure S1E). To rule out the potential interference of
high levels of NKCC1 expression from elaborated oligoden-
drocyte processes, we examined the mouse brain at P14,
when few MBP" oligodendrocytes are present in the DG.
Indeed, we found the strong NKCC1 signal localized in

the soma and processes of HOPX*NESTIN" NSCs in the
DG of the Nkcc1” mice at P14, which was comparable
with that in NkccI** mice and was largely absent in
Nestin-cKO mice (Figures S2ZA-S2D). These results showed
NKCCI1 expression at the protein level in NSCs of the mouse
DG and further confirmed that insertion of two loxP sites to
the Nkccl gene does not affect its expression levels without
the Cre expression and leads to its knockout with the Cre
expression in DG NSCs.

To examine the potential cell-autonomous role of NKCC1
in regulating DG NSCs, we crossed the Nkcc1” mice to Hopx-
CreER™*~ mice and Rosa26/"*=©rToxEYFP yeporter mice to
generate Hopx-CreER"?*~::Nkcc1™"::Rosa-YFP*~ mice (Hopx-
cKOmice), as the Hopx-CreERTZ driver has been shown to spe-
cifically target NSCs in both the developing and adult mouse
DG (Berg et al., 2019). We first explored the potential role of
NKCC1 inregulating the quiescence transition of NSCsin the
early postnatal DG by subcutaneous injection of tamoxifen
into P1 Hopx-cKO and Hopx-CreER"?*~::Nkcc1*"*::Rosa-
YEP*~ mice (Hopx-WT mice) (Figure 1A). Immunostaining
analysis confirmed reduced NKCC1 levels in the soma of
YFP*NESTIN™ NSCs in the Hopx-cKO compared with Hopx-
WT DG at 13 days post injection (dpi) (Figures S2E and S2F).

Using MCM2 as a marker of proliferating cells and
MCM2™ as an indicator of quiescence (Berg et al., 2019;
Wharton et al., 2001), we found that the percentage of
MCM2* cells among YFP*NESTIN* NSCs was decreased
from ~75% at P7 and ~30% at P14 to ~10% at P21 in
Hopx-WT DG, reflecting the drastic transition of prolifer-
ating DG NSCs into quiescence during the early postnatal
stages (Figures 1B-1]J). Interestingly, percentages of
MCM2* cells among YFP*NESTIN* NSCs in both the upper
and lower blade of the DG were significantly higher in
Hopx-cKO mice compared with Hopx-WT mice at P7,
P14, and P21 (Figures 1B-1] and S3). Percentages of
YFP*NESTIN* NSCs among the YFP*™ progeny in Hopx-
cKO and Hopx-WT DG were similar at these time points,
except for a decrease in the lower blade of Hopx-cKO
mice at P21 (Figures 1B-1J and S3). Besides, all
NESTIN*YFP* NSCs were SOX2*GFAP" in the mouse DG
at P21 (Figures S4A-S4D), validating NESTIN* cells as
NSCs in the DG at early postnatal stages. Furthermore,
the percentage of TBR2*YFP* neuronal lineage-specified in-
termediate progenitor cells (IPCs) among YFP* cells was
significantly increased in Hopx-cKO compared with
Hopx-WT mice at P7 (Figures S4E-S4H), indicating that
increased NSC proliferation leads to elevated levels of neu-
rogenesis. Together, these results suggest that expression of
NKCC1 in NSCs is required for effective quiescence acqui-
sition during early postnatal stages in the DG.

To further validate our model using an independent
approach, we performed the EdU retention assay. Hopx-
cKO and Hopx-WT mice were injected with tamoxifen at
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Figure 1. Knockout of Nkcc1 specifically in NSCs in the early postnatal DG impairs their quiescence acquisition

(A) A schematic diagram of the experimental design. Hopx-WT and Hopx-cKO mice were injected with tamoxifen (Tam) at P1 and analyzed
at P7, P14, and P21 for the quiescent state of NSCs.

(B-J) Knockout of Nkcc? specifically in DG NSCs significantly increased percentages of MCM2* cells among YFP*NESTIN™ NSCs in the upper
blade of DG at early postnatal stages. Shown are sample confocal images of staining for MCM2, YFP, NESTIN, and DAPI in the upper blade of
Hopx-WT and Hopx-cKO DG at P7 (B), P14 (E), and P21 (H), and quantification of percentages of YFP*NESTIN* NSCs among all YFP* cells and
percentages of MCM2* cells among all YFP*NESTIN® NSCs in the upper blade of Hopx-WT and Hopx-cK0 DG at P7 (Cand D), P14 (Fand G), and
P21 (I and J). Scale bars, 20 um (B), 20 um (E), and 10 pm (H). Red arrowheads indicate MCM2YFP*NESTIN® NSCs; red arrows indicate
MCM2*YFP*NESTIN® NSCs (B, E, and H). Dots represent data from each animal (C, D, F, G, I, and J). Values represent mean + SEM (P7: n =
6/WT; n=7/cKO; P14: n = 4/WT; n =5/cKO; P21: n = 4/WT; n = 5/cKO; ns: p>0.05, **p < 0.01, ***p < 0.001; Student’s t test). See also
Figures S1-S4 and Tables S1 and S2.
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P1 and then with EdU at P3 to label dividing NSCs in the
S phase, followed by analysis at P14 (Figure 2A). Proliferating
NSCs that exit the cell cycle and enter quiescence soon after
EdU labeling will maintain high levels of EQU, whereas NSCs
that keep dividing for multiple rounds will dilute their EAU
to low levels that become undetectable (Figure 2A). Nearly
all EQU*NESTIN"YFP" NSCs were MCM2™~ at P14 in both
Hopx-KO and Hopx-WT mice, confirming the quiescence
acquisition by these EQU* NSCs at P14 (Figures 2B and 2C).
Importantly, the percentage of EdU* cells among
YFP*NESTIN* NSCs was significantly decreased in Hopx-
cKO compared with Hopx-WT mice at P14 (Figures 2D and
2E), which was not due to differential EQU labeling efficiency
at the starting time point at P3 (Figures 2F and 2G).

Taken together, these results reveal a critical cell-autono-
mous role of NKCC1 in promoting the quiescence acquisi-
tion of NSCs during early postnatal stages in the DG.

Nkccl deletion in quiescent RGLs in the adult DG
promotes their activation

In contrast to early postnatal stages when proliferating DG
NSCs gradually undergo quiescence transition, most RGLs
in the adult DG are quiescent (Berg et al., 2019; Bonaguidi
etal., 2011; Urban et al., 2019). We next examined whether
NKCC1 plays a cell-autonomous role in regulating quiescent
RGLs in the adult DG. Hopx-WT and Hopx-cKO mice at P60
were injected with tamoxifen once every day for three
consecutive days and then analyzed 7 days later (Figure 3A).
The percentage of MCM2* cells among YFP*NESTIN* RGLs
was significantly increased, with a decreasing trend in the
percentage of YFP*NESTIN® RGLs among the YFP" progeny
in Hopx-cKO compared with Hopx-WT mice, indicating
increased quiescent RGL activation and a trend toward
RGL depletion during this short time interval (Figures 3B-
3D). The increased activation of RGLs in the adult Hopx-
cKO DG was further confirmed in SOX2*GFAP* cells using
an independent set of markers for RGLs (Figures 3E, 3F, S41,
and S4J). In addition, percentages of TBR2" IPCs and DCX*
immature neurons among all YFP* cells were increased in
Hopx-cKO compared with Hopx-WT mice, indicating that
activated RGLs in Hopx-cKO mice underwent neuronal-line-
age differentiation, leading to increased neurogenesis
(Figures 3G-3I). Together, these results reveal a cell-autono-
mous role of NKCC1 in maintaining the quiescent state of
adult RGLs in the DG.

Nkccl deletion in PV interneurons promotes RGL
activation in the adult DG

GABA induces a depolarization response in PV interneu-
rons in the adult mouse DG (Bao et al., 2017), suggesting
the expression of NKCC1 in these neurons. To confirm
NKCCI1 expression in DG PV interneurons, we inspected
the mouse DG at P14 to avoid the interference of

NKCC1* oligodendrocyte processes in the adult mouse
DG. NKCC1 immunostaining signal could be found in
the soma of PV interneurons in the DG of both Nkcc1”"
and Nkcc1** mice at similar levels, which was largely ab-
sent in Nestin-cKO mice (Figures S5A and S5B). Given
that PV interneuron activation and resulting GABA release
are known to promote quiescence of adult RGLs (Bao et al.,
2017; Song et al., 2012), we explored whether NKCC1
expression in PV interneurons plays a non-cell-autono-
mous role in regulating adult quiescent RGLs in the DG.
To knock out Nkcc1 specifically in PV interneurons, Nkcc1”/
mice were crossed to PV-CreER"? mice to generate PV-
CreER™*/~::Nkcc1™ mice (PV-cKO mice), with littermate
Nkcc1” mice (PV-WT) as controls. In addition, these mice
were crossed to Rosa26/"*StoP-loxEYEP reporter mice to
generate PV-cKO/YFP and PV-WT/YFP mice to validate
the efficacy of the tamoxifen-induced recombination in
PV interneurons. Indeed, immunostaining of PV showed
that five injections of tamoxifen, once every 2 days,
induced the expression of YFP in around 80% and 60%
PV* interneurons in the adult cortex and hippocampus,
respectively (Figures S5C and SSF).

PV-cKO and PV-WT mice at P60 were injected with tamox-
ifen with the above paradigm and analyzed 3 and 21 days af-
ter thelast injection (Figure 4A). Interestingly, the percentage
of MCM2" cells among HOPX*NESTIN™ RGLs was increased
in PV-cKO compared with PV-WT mice at 3 dpi (Figures 4B
and 4C), indicating that deletion of Nkcc1 in PV interneurons
promotes quiescent RGL activation. Strikingly, densities of
both HOPX*NESTIN®™ RGLs and MCM2"HOPX*NESTIN*-
activated RGLs were significantly increased in PV-cKO
compared with PV-WT mice at 3 dpi (Figures 4D and 4E), indi-
cating an expanded RGL pool. Further analysis at 21 dpi
showed that the percentage of MCM2" cells among
HOPX*NESTIN* RGLs were similar, whereas densities of
HOPX*NESTIN® RGLs and MCM2*HOPX*NESTIN*-acti-
vated RGLs remained increased in PV-cKO compared with
PV-WT mice (Figures 4F-4I). Using another set of markers
for RGLs, we confirmed the increased density of
GFAP*SOX2* RGLs in PV-cKO compared with PV-WT mice
at 21 dpi (Figures S5G-SSI). These results suggest that dele-
tion of Nkccl in PV interneurons leads to transient activation
of quiescent RGLs, resulting in a sustained increase in the
RGL pool, thus revealing a non-cell-autonomous role of
NKCC1 in PV interneurons in regulating adult dentate quies-
cent RGLs.

Pharmacological inhibition of NKCC1 with
bumetanide promotes NSC proliferation in the early
postnatal and adult DG

Finally, we explored whether we can acutely and pharma-
cologically modulate NSCs in the DG using the NKCC1 in-
hibitor bumetanide, an FDA-approved diuretic that has
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Figure 2. Knockout of Nkcc1 in NSCs in the early postnatal DG leads to decreased generation of quiescent RGLs

(A) Schematic diagrams showing the experimental design (left) and principle of EdU retention experiments to investigate the quiescence
acquisition of NSCs (right). Hopx-WT and Hopx-cKO mice were injected with tamoxifen at P1, then EdU at P3, and analyzed at P14.

(B and C) Nearly all EdU*YFP*NESTIN* RGLs in both Hopx-WT and Hopx-cKO DG were MCM2~, confirming that these EdU"YFP*NESTIN* RGLs
were quiescent at P14. Shown are sample immunostaining confocal images of MCM2~EdUYFP*NESTIN* RGLs in the DG of Hopx-WT and
Hopx-cKO at P14, indicated by red arrowheads and quantification of the percentage of MCM2~ cells among all EdU"YFP*NESTIN® RGLs at
P14 (C). Values represent mean + SEM (n = 5/WT; n = 5/cK0; ns: p > 0.05; Student’s t test). Scale bars, 20 um (B).

(D and E) Decreased generation of quiescent RGLs with Nkccl deletion in the early postnatal DG. Shown are sample immunostaining
confocal images of EdUTYFP*NESTIN® RGLs (indicated by red arrowheads) in Hopx-WT DG and EdU~YFP*NESTIN® RGLs (indicated by red
arrows) in Hopx-cK0 DG at P14 and quantification of the percentage of EdU" cells among all YFP*NESTIN™ RGLs at P14 (E). Scale bars, 20 um
(D). Values represent mean + SEM (n = 5/WT; n = 5/cKO; *p < 0.05; Student’s t test).

(F and G) Similar EdU labeling efficacy of NSCs in the P3 DG of Hopx-KO and Hopx-WT mice. Shown are sample immunostaining confocal
images of EdU*YFP*NESTIN® NSCs (indicated by red arrowheads) in the DG of Hopx-WT and Hopx-cKO, which were injected with EdU at P3
and analyzed 2 h later and quantification of the percentage of EdU* cells among all the YFP*NESTIN® NSCs (G). Values represent mean + SEM
(n=4/WT; n =4/cKO; ns: p > 0.05; Student’s t test). Scale bars, 20 um (F). See also Figures S1-S4.
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also been used in clinical trials for attenuating different
brain disorders (Ben-Ari, 2017; Savardi et al., 2021). For
the early postnatal stage, WT mice at P7 were injected
with bumetanide once a day for 3 consecutive days and
analyzed 1 day later (Figure 5A). The percentage of
MCM2" cells among HOPX*NESTIN® NSCs was signifi-
cantly increased in the DG of bumetanide-treated
compared with control mice (Figures 5B and 5C). For the
adult stage, WT adult mice at P60 were injected with bume-
tanide once a day for seven consecutive days and analyzed
1 day later (Figure 5D). The percentage of MCM2* cells
among HOPX*NESTIN® RGLs was also significantly
increased in the DG of bumetanide-treated compared
with control adult mice (Figures SE and SF). Taken together,
these results showed that administration of NKCC1 inhib-
itor bumetanide in mice promotes the proliferation of DG
NSCs at both early postnatal and adult stages.

DISCUSSION

Our genetic and pharmacological approaches revealed
both cell-autonomous and non-cell-autonomous roles of
NKCCI1 in promoting quiescence of NSCs in the mouse
DG. Expression of NKCC1 in DG NSCs directly promotes
both quiescence acquisition of proliferating NSCs during
early postnatal stages and quiescence maintenance of
RGLs in adults, whereas its expression in PV interneurons
indirectly promotes quiescence maintenance of RGLs in
adults. Our study reveals a molecular mechanism that reg-
ulates quiescence acquisition during the generation of
adult NSCs in development and further shows that the
same molecular mechanism also promotes maintenance
of quiescence of adult NSCs in vivo.

Quiescence is essential to maintain adult NSCs to sustain
long-life neurogenesis in the adult mammalian brain (Ur-

ban et al., 2019), and the proliferation to quiescence tran-
sition represents a major milestone during the develop-
ment of adult NSCs for both SVZ and DG (Berg et al,,
2019; Fuentealba et al., 2015; Furutachi et al., 2015). While
previous studies have identified the timing of this quies-
cence transition, around E15.5 for adult SVZ NSCs (Fuen-
tealba et al., 2015; Furutachi et al., 2015) and between P7
and P14 for adult DG NSCs (Berg et al., 2019), almost
nothing is known about how such a process is regulated
at the molecular level. It is also not clear whether the
same molecular player that promotes quiescence acquisi-
tion will continue to promote quiescence maintenance of
NSCs. Here, we showed that Nkccl knockout in DG NSCs
promotes their proliferation at both stages, although the
mechanisms are different. During early postnatal stages
when the drastic quiescence transition of DG NSCs hap-
pens, the effect would be an impaired quiescence acquisi-
tion of NSCs; on the other hand, at the adult stage when
most RGLs remain quiescent, the effect would be to push
RGLs into exiting from the quiescent state. Together, our
study reveals a cell-autonomous role of NKCC1 in NSCs
to act as a brake for proliferation. It will be interesting to
examine whether NKCC1 also regulates quiescence acqui-
sition and/or quiescence maintenance in SVZ NSCs.

Our previous study identified a critical role of GABA in pro-
moting adult RGL quiescence in the DG (Song et al., 2012).
GABA can exert either depolarizing or hyperpolarizing ac-
tion depending on the intracellular chloride concentration,
which in turn is determined by the two chloride transporters
with opposite functions, the importer NKCC1 and exporter
KCC2 (Ben-Ari et al., 2012). Our analysis of RNA-seq data
showed much higher expression levels of Nkccl than Kcc2
in NSCs in the DG. Our loss-of-function analysis supports a
model that GABA promotes quiescence of DG NSCs during
both early postnatal and adult stages via depolarization
of NSCs. Indeed, previous electrophysiology analysis has

Figure 3. Knockout of Nkcc1 specifically in quiescent RGLs in the adult DG leads to increased RGL activation and neurogenesis
(A) Schematic diagram of experimental design. Hopx-WT and Hopx-cKO mice were injected with tamoxifen at P60 once a day for three
consecutive days and analyzed at 7 dpi for the quiescence state of RGLs and neurogenesis.

(B-D) Knockout of Nkcc? in quiescent RGLs in the adult DG promotes their activation. Shown are sample confocal images of staining for
MCM2, YFP, NESTIN, and DAPI in the DG of adult Hopx-WT and Hopx-cKO mice, and quantification of the percentage of MCM2* cells among
all YFP*NESTIN RGLs (C) and the percentage of YFP*NESTIN* RGLs among all YFP* cells (D). MCM2~ RGLs and MCM2* RGLs are indicated by
red arrowheads and red arrows, respectively (B). Scale bars, 20 um (B). Values represent mean + SEM (n = 8/WT; n = 9/cKO; ns: p > 0.05;
*p < 0.05; Student’s t test).

(E and F) Knockout of Nkcc? in HOPX™ RGLs in the adult DG promotes activation of SOX2*GFAP* RGLs. Shown are sample confocal images of
immunostaining for MCM2, YFP, SOX2, GFAP, and DAPI in the DG of adult Hopx-WT and Hopx-cKO mice and quantification of the percentage
of MCM2" cells among all YFP*SOX2*GFAP* RGLs (F). Scale bars, 20 um (E). Note that SOX2 and GFAP were shown in the same channel.
MCM2~ RGLs and MCM2* RGLs are indicated by red arrowheads and red arrows, respectively. Values represent mean + SEM (n = 8/WT;
n =9/cK0; *p < 0.05; Student’s t test).

(G-I) Knockout of Nkccl in quiescent RGLs leads to increased neurogenesis in the adult DG. Shown are sample immunostaining confocal
images of YFP*TBR2* IPCs and YFP*DCX* immature neurons in the DG of adult Hopx-WT and Hopx-cKO mice, and quantification analysis of
the percentage of TBR2" IPCs (H) and DCX* immature neurons (I) among all YFP* cells. Scale bars, 50 um (G). Values represent mean + SEM
(n=8/WT; n=9/cKO; *p < 0.05; Student’s t test). See also Figure S4.
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Figure 4. Knockout of Nkcc1 in PV interneurons in the adult DG promotes quiescent RGL activation and expansion of the RGL pool
(A) Schematic diagram of the experimental design of tamoxifen administration and analysis of PV-WT and PV-cKO mice at 3 or 21 dpi.
(B-I) Knockout of Nkccl in PV interneurons in the adult DG leads to transient activation of quiescent RGLs and sustained increase of the
RGL pool. Shown are sample confocal images of staining for MCM2, HOPX, NESTIN, and DAPI in the DG of PV-WT and PV-cKO mice at 3 dpi
(B) and 21 dpi (F) and quantification of the percentage of MCM2" cells among all HOPX*NESTIN* RGLs (C and G), density of HOPX"NESTIN®
RGLs (D and H), and density of MCM2"HOPX*NESTIN® RGLs (E and I) in the DG of PV-WT and PV-cKO mice at 3 dpi (C-E) and 21 dpi (G-I).
Scale bars, 20 um (B and F). Red arrows indicate MCM2"HOPX*NESTIN* RGLs. Values represent mean + SEM (3 dpi: n=5/WT; n=5/cK0; 21
dpi: n=6/WT; n = 6/cKO; ns: p > 0.05; *p < 0.05; **p < 0.01; Student’s t test). See also Figure S5 and Table S2.

shown a depolarization response of DG RGLs to a GABA,
agonist (Bao et al., 2017). Depolarization could induce cal-
cium influx, and activation of calcium signaling has been
shown to maintain stem cells in the quiescent state in
various systems, such as epithelial stem cells and hematopoi-
etic stem cells (Racioppi et al., 2017; Xin etal., 2019). Consis-
tently, our previous single-cell RNA-seq analysis revealed
downregulated calcium signaling upon RGLs exiting from
quiescence in the adult DG (Shin et al., 2015).

In addition to a cell-autonomous role of NKCC1 in
regulating DG NSC quiescence, our study also revealed a
non-cell-autonomous role of NKCC1 expression in PV in-
terneurons to promote RGL quiescence in the adult DG.

PV interneurons are known to promote RGL quiescence
via release of GABA (Song et al., 2012) and, interestingly,
PV interneurons are depolarized by GABA in the adult
DG, likely due to high levels of NKCC1 expression (Bao
et al., 2017). We found that knockout of Nkcc1 specifically
in PV interneurons promotes quiescent RGL activation, re-
sulting in an expanded RGL pool. These results suggest that
these activated RGLs undergo symmetrical cell division,
which is consistent with our previous finding that
impaired GABA signaling on RGLs mediated by deletion
of the y2 subunit of GABAAR can induce the activation
and symmetric cell division of RGLs in the adult DG
(Song et al.,, 2012). Our result supports a model that
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Figure 5. Administration of NKCC1 inhibitor bumetanide promotes proliferation of RGLs in both early postnatal and adult DG
(A-C) Bumetanide administration promotes RGL proliferation in the early postnatal DG. Shown are a schematic diagram of the experi-
mental design of bumetanide (BMT) administration at the early postnatal stage (A), sample confocal images of staining for MCM2, HOPX,
NESTIN, and DAPI in the upper blade of the DG of control and BMT-treated mice at P10, and quantification of the percentage of MCM2* cells
among all HOPX"NESTIN* NSCs in the upper blade of the DG of control and BMT-treated mice (C). Scale bars, 20 um (B). Red arrows indicate
MCM2*HOPX*NESTIN™ NSCs. Values represent mean = SEM (n = 4/control; n = 4/BMT; *p < 0.05; Student's t test).

(D-F) BMT administration promotes RGL activation in the adult DG. Shown are a schematic diagram of the experimental design of BMT
administration at the adult stage (D), sample confocal images of staining for MCM2, HOPX, NESTIN, and DAPI in the DG of control and BMT-
treated mice at P67, and quantification of the percentage of MCM2* cells among all HOPX*NESTIN™ RGLs (F). Scale bars, 20 um (E). Red
arrows indicate MCM2"HOPX"NESTIN* RGLs. Values represent mean + SEM (n = 5/control; n = 5/BMT; **p < 0.01; Student’s t test).

leads to RGL activation and likely symmetric cell division,
resulting in an expansion of the RGL pool, whereas
knockout of Nkcc1 in adult RGLs leads to RGL activation to-

NKCCI1 expression in PV interneurons promotes their de-
polarization induced by GABA and a lack of such depolari-
zation due to Nkcc1 deletion may impair GABA release from

local PV interneurons, leading to activation of quiescent
RGLs in the adult DG. Interestingly, although knockout
of Nkccl specifically in either RGLs or PV interneurons
could activate quiescent RGLs in the adult DG, the impact
is not identical. Knockout of Nkccl in PV interneurons
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ward neuronal differentiation, resulting in increased neu-
rogenesis. Such differences could be due to a dose-depen-
dent depolarizing effect of GABA on the RGL division
mode once they become activated, but the exact mecha-
nism remains to be determined. Future single-cell



sequencing analysis of adult DG RGLs from Hopx-cKO
mice with increased neurogenesis and RGLs from PV-cKO
mice with likely more self-renewal may help to generate
more insight into the underlying mechanism of how acti-
vated adult DG RGLs balance neurogenesis versus self-
renewal.

We used the CreER"*-based mouse genetic approach for
conditional and cell-type-specific deletion of Nkccl with a
simultaneous reporter to investigate its impact on DG
NSCs. Despite all the advantages, such an approach also
has its limitations. For example, all quantifications in the
Hopx-CreER"? studies are relative to the number of YFP* cells,
with absolute effects undetermined. Besides, the reporter
may not reflect the recombination efficacy for the Nkccl dele-
tion and it is difficult to confirm Nkcc1 deletion in the adult
brain by immunohistology due to high levels of NKCC1
expression in processes of oligodendrocytes that closely
intermingle with sparsely labeled adult NSCs or PV interneu-
rons. For this reason, we had to confirm Nkccl deletion at
early postnatal stages in the absence of oligodendrocytes.
The system also does not target all intended cells as shown
for PV interneurons, thus we may underestimate the impact
of NKCC1 expression in PV neurons in adult RGL quiescence
regulation. To complement our inducible conditional dele-
tion approach, we also explored an acute pharmacological
method and showed that inhibition of NKCC1 by bumeta-
nide, an FDA-approved diuretic, promotes DG NSC prolifera-
tion in both the early postnatal and adult DG. Bumetanide
has been tested in clinical trials to attenuate symptoms of
some neurological and psychiatric disorders, such as epilepsy,
schizophrenia, and autistic spectrum disorders (Ben-Ari,
2017; Savardi et al., 2021). Recent studies also showed that
bumetanide exposure was correlated with a significantly
lower Alzheimer’s disease (AD) prevalence in individuals
older than 65 years and bumetanide treatment could reverse
the sign of APOE4-related AD in mice and cultured human
neurons (Taubes et al., 2021). Whether altered adult hippo-
campal neurogenesis is involved in the effectiveness of bu-
metanide requires further investigation.

Both intrinsic and extrinsic mechanisms have been iden-
tified to regulate quiescence of adult DG NSCs (Urban et al.,
2019). Our finding on the critical role of NKCC1 highlights
a neuronal activity-dependent mechanism of DG NSC
quiescence regulation via GABA signaling. Our study
showed that, in addition to the direct role in the quiescence
maintenance of adult NSCs and a potential role in the
quiescence acquisition of dentate NSCs at the early post-
natal stage, GABA also regulates PV neuronal function,
which in turn regulates adult NSC quiescence. The activity
of PV interneurons is known to be regulated under many
physiological and pathological conditions, such as en-
riched environment, aging, AD, epilepsy, chronic stress,
schizophrenia, and other severe psychiatric illness (Andre

et al., 2001; Gonzalez-Burgos et al., 2011; Knable et al.,
2004; Lolova and Davidoff, 1992; Mann and Paulsen,
2007; Masiulis et al., 2011; Satoh et al., 1991). Therefore,
our findings may have implications for regulation of adult
neurogenesis under broad conditions.

In summary, our study reveals a molecular mechanism
involving NKCC1 in regulating both quiescence acquisi-
tion of NSCs at early postnatal stage and activation of
quiescent NSCs at the adult stage in the DG, providing
novel insight into the molecular mechanism regulating
these two opposing processes.

EXPERIMENTAL PROCEDURES

Resource availability

Corresponding author

Further information and requests for resources and reagents
should be directed to and will be fulfilled by the corresponding
author, Hongjun Song (shongjun@pennmedicine.upenn.edu).
Materials availability

All unique/stable reagents generated in this study are available
from the corresponding author with a completed Materials Trans-
fer Agreement.

Animals

All experimental procedures related to mice were performed
following protocols approved by the Institutional Animal Care
and Use Committee of University of Pennsylvania. All mice were
kept in cages with bedding material and housed in a 14-h light/
10-h dark cycle, and food and water are changed regularly. We
generated Nkcc1”" mice through CRISPR-Cas9-mediated homolo-
gous recombination by injecting the mixture of Cas9 protein/
gRNA/donor DNA into fertilized eggs and inserting two loxP sites
flanking the fifth exon of the Nkccl gene. Nkcc1”/ mice
were backcrossed for more than four generations and maintained
on a C57BL/6 background. C57BL/6 mice, Nestin-Cre (B6.Cg-
TgNes-eroIKInpy transgenic mice (003771), Hopx'™m?21(cre/ERT2)Joe g
knockin mice (017606), and B6.129X1-Gt(ROSA)26Sor™!EYFP)
€os/T mice (006148) were all obtained from The Jackson Laboratory
(Srinivas et al., 2001; Takeda et al., 2011; Tronche et al., 1999). PV-
2A-CreER™ transgenic mice were generously provided by Dr. Josh
Huang’s lab at Cold Spring Harbor Laboratory (Taniguchi et al.,
2011). Hopx-CreER™ and PV-2A-CreER™? mice harbored a tamox-
ifen-inducible CreER™ in-frame fused with the Hopx and Parvalbu-
min gene, in which tamoxifen injection would induce the Cre-
loxP-mediated recombination specifically in HOPX" cells and PV*
interneurons, respectively. In Rosa26*s1P7o*EYFP mice, a loxP-
flanked STOP sequence followed by the enhanced yellow fluores-
cent protein gene (eYFP) was inserted into the Gt(ROSA)26Sor locus
to allow cre-dependent expression of eYFP (Srinivas et al., 2001).
Genomic DNA, which was used as templates for genotyping PCR,
was isolated in the solution containing directPCR reagent (Thermo
Fisher Scientific, NC9724951) and 10% proteinase K (QIAGEN,
19133) at 55°C overnight and then at 85°C for 2 h. The primers
used for genotyping of transgenic mice are listed in Table S1. Both
male and female mice were used for all experiments, and no obvious
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sex differences were observed in experiments performed in this
study and the data were combined.

Tamoxifen, EdU, and bumetanide injection

To make a solution of 66.67 mg/mL tamoxifen, 1 g tamoxifen pow-
der (Sigma, T5648) was dissolved in 2.5 mL ethanol/12.5 mL corn
oil (Sigma, C8267) at 37°C with occasional vortexing until fully
dissolved (Bonaguidi et al., 2011). For analysis of NSCs during early
postnatal stages, Hopx-CreER™?*/~::Nkcc1*/*::Rosa-YFP*~ mice
(named Hopx-WT mice) and Hopx-CreER™**/~::Nkcc1'::Rosa-
YFP*~ mice (named Hopx-cKO mice) at P1 were subcutaneously
injected with 10 uL tamoxifen, and analyzed at P7, P14, or P21 (Fig-
ure 1A); for analysis of RGLs in the adult brain, Hopx-WT and
Hopx-cKO mice at P60 were intraperitoneally injected with
3 mL/kg tamoxifen once a day for three consecutive days and
analyzed at 7 dpi (Figure 3A); for analysis of the role of NKCC1
in PV interneurons, Nkcc1” mice (named PV-WT mice) and PV-
CreER™*/~::Nkcc1” mice (named PV-cKO mice) were intraperito-
neally injected with 3 mL/kg tamoxifen every other day, for a total
of five times, and analyzed at 3 or 21 dpi (Figure 4A).

To make a stock solution of 10 mg/mL EdU, EdU powder
(Thermo Fisher Scientific, E10187) was dissolved in PBS and incu-
bated on a shaker at 37°C until fully dissolved. For the EdU retain-
ing experiment, after tamoxifen injection at P1, Hopx-WT and
Hopx-cKO mice at P3 were injected with EAU (100 mg/kg) two
times at a 6-h interval and analyzed 2 h later or at P14 (Figure 2A).

Bumetanide (Thomas Scientific, C943V36) dissolved in ethanol
(30 mM) was mixed with corn oil in a ratio of 1:4.45 to make a so-
lution of 2 mg/mL bumetanide. Freshly prepared bumetanide was
injected intraperitoneally into C57BL/6 mice (10 mg/kg) once a
day at P7 three times or at P60 seven times and animals were
analyzed 24 h later (Hampel et al., 2021) (Figures 5A and SD).
Tissue processing and immunostaining
The mice were first perfused with ice-cold PBS for 10 min, and
then with ice-cold 4% paraformaldehyde (PFA) for 5 min (Zhang
et al., 2023). Dissected mouse brains were fixed in 4% PFA at 4°C
overnight and then incubated in 30% sucrose dissolved in PBS at
4°C for 48 h. Coronal brain serial sections were cut at 40-um thick-
ness using a sliding frozen microtome (Leica, SM2010R), and sequen-
tially collected in 48-well plates containing anti-freeze solution
(500 mL 0.1 M PB, 300 mL ethylene glycol, 300 g sucrose) and stored
at —20°C. Sequentially, one out of every six sections was used for
immunostaining to reconstitute the whole hippocampus for
quantifications.

Before immunostaining, antigen retrieval of brain sections was
performed by incubating the sections in 1x Target Retrieval Solu-
tion (Agilent Dako, $1699) at 95°C for 10 min, followed by gradu-
ally cooling down to room temperature (RT). For immunostaining,
brain sections were first incubated in the blocking buffer (5% BSA,
10% FBS, 0.3% Triton X-100, 0.01% NaN3 dissolved in PBS) at RT
for 1 h, followed by primary antibody solution prepared in
the blocking buffer at 4°C overnight. After washing with PBS for
3 x 10 min, brain sections were incubated in the DyLight-405
(Jackson ImmunoResearch) or Alexa Fluor 488, 555, 647 (Invitro-
gen)-conjugated secondary antibodies (1:500) and DAPI (1:500,
Roche), prepared in the blocking buffer at RT for 1-2 h. After a sec-
ond round of washing with PBS for 3 x 10 min, brain sections were
mounted on slides with Aqua-Mount Mounting Medium (EMSCO/
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Fisher Scientific, NC9428056). When needed, EAU staining was
performed according to the manufacturer’s instructions (Click-iT
EdU Alexa Fluor 647 Imaging Kit, EMSCO/Fisher Scientific,
C10640) after secondary antibody staining. The antibodies used
in this study are listed in Table S2.

RNA extraction and real-time PCR

RNA extraction and real-time PCR analysis were performed as
described previously (Zhang et al., 2023). In brief, the brain tissue
was homogenized and incubated in 1 mL TRIzol for 15 min on
ice, followed by the addition of 200 pL chloroform. After centrifuga-
tionin 12,000 x gat 4°C for 15 min, about 400 puL supernatant was
carefully collected and mixed with the same volume of ethanol.
Then the mixture was transferred to a Zymo-Spin IC Column
from the Zymo RNA Clean & Concentrator-5 kit for centrifugation
at 12, 000 x g at 4°C for 1 min. Then, 400 uL RNA Prep Buffer and
700 and 400 pL. RNAWash Buffer were sequentially added to the col-
umn, and each procedure was followed by centrifugation at
12,000 x g at 4°C for 1 min. For the elution of RNA, about 15 puL
RNase/DNase-free water was added into the column followed by
centrifugation. About 0.5-1.5 pg RNA was used for reverse tran-
scription to synthesize the cDNA using the SuperScrip III First-
Strand Synthesis System (Invitrogen, 18080051) according to the
manufacturer’s instructions.

For qPCR reaction, 2 pL of 1:5 diluted cDNA, 1 uL of forward
primer (10 mM), 1 uL of reverse primer (10 mM), 10 uL of Fast
SYBR Green qPCR Master Mix (Thermo Fisher Scientific,
4385612), and 6 uL of water were mixed. Then the qPCR mixture
was added into MicroAMP Fast Optical 96-well plates (Applied Bio-
systems) and qPCR was performed on the StepOnePlus Real-Time
PCR System (Applied Biosystems). The thermocycling conditions
of qPCR were as follows: 95°C for 20 s, 44 cycles of 95°C for 3 s,
and 60°C for 30 s. The difference between the Ct values (ACt) of
the Nkccl gene and internal control-8-actin gene was calculated for
Nkcc1” mice (Nestin-WT mice) and Nestin-Cre::Nkcc1” (Nestin-
cKO mice) brain samples, and 2°(-AACt) was used to calculate the
fold-change in the expression of Nkcc1 gene between Nestin-WT/
cKO samples. Primers used in qPCR are listed in Table S1.

Confocal imaging, quantification, and data analysis

Confocal images were acquired using a Zeiss LSM810 confocal mi-
croscope with 20x, 40x, or 63x objectives, and analyzed with
Photoshop, Image]J, or Imaris 7.6 software (Bitplane). For quantifi-
cation of the immunostaining intensity of NKCC1 in NSCs, Nes-
tin- or Hopx-WT/-cKO brain sections were attached to the same
slides and processed in parallel with the same primary/secondary
antibodies, and the corresponding confocal images were taken
and processed with the same settings. The sum of the intensity
of the NKCC1 immunostaining signal was measured using the
“Measure” function of ImageJ, and the relative intensity in the
Nestin-/Hopx-cKO NSCs was normalized with that in Nestin-/
Hopx-WT NSCs from the same batch. For the quantification of
DG NSCs, the number of cells positive for single or multiple
markers was counted with the “Spots” function of Imaris. In
mice older than P14, only the NESTIN*HOPX*, NESTIN*YFP*,
GFAP'SOX2"YFP*, or GFAP'SOX2" cells with radial glia-like
morphology in the subgranular zone (SGZ) of DG were scored as
RGLs; for analysis at P7, all NESTIN*YFP* cells in the DG were
scored as NSCs. For each section, the area of DG and the length



of SGZ were measured using Image]J based on the DAPI signal, and
the calculated value multiplied by the z-axis thickness was used as
the volume of DG and the area of SGZ of this section. The average
value from four or five different sections for one animal in each
experiment was used for quantification analysis.

Experimental design and statistical analyses

For experiments to analyze the phenotype of Nestin-cKO, Hopx-
cKO, and PV-cKO mice, their littermate Nkcc1”/ mice, Hopx-
CreER™*/~::Nkcc1™*::Rosa-YFP*~ mice, and Nkcc1” mice at the
same age were used as controls, respectively. The sample size was
not pre-determined by any statistical method. For analyzing the
phenotype of knockout mice in each experiment, four to nine
mice were quantified, with the exact number of mice analyzed
shown in the figure legends. No data were excluded. The quantifi-
cation analysis for all experiments in the study was performed
blinded to experimental conditions. An estimate of variation
within each group of data is calculated with standard error of the
mean for all statistical analyses. Unpaired Student’s t test or one-
way ANOVA was performed using Excel or GraphPad Prism soft-
ware to analyze the significant difference, which was indicated as
ns (not significant) p > 0.05, *p < 0.05, **p < 0.01, and ***p < 0.001.
Data and code availability

No large datasets were generated in this study. No original code was
generated in this study.
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